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The fungal pathogen Cryptococcus neoformans has three major virulence factors: growth at 37C, capsule
synthesis, and melanin formation. Recently in Cell, Liu et al. (2008) employed signature tagged mutagenesis
to systematically identify virulence genes. Remarkably, mutations in many of these genes did not influence
the major virulence traits.Cryptococcus neoformans causes life-
threatening meningoencephalitis in im-
munocompromised people including
acquired immunodeficiency syndrome
(AIDS) patients. In fact, this pathogen
rose to prominence coincidentally with
the epidemic of human immunodeficiency
virus (HIV) infections and currently ac-
counts for a high percentage of AIDS
deaths in the hardest-hit areas of the
world. A closely related species, C. gattii,
has emerged as a primary pathogen of
immunocompetent people, as demon-
strated by an ongoing outbreak in British
Columbia. Cryptococcal infections are
generally acquired by inhalation with sub-
sequent and often fatal dissemination of
yeast cells to the central nervous system
(CNS). C. neoformans and C. gattii pos-
sess three virulence attributes (the ‘‘big
three’’) that set them apart from other
fungi (Figure 1). These include the ability
to grow at 37C, the production of a poly-
saccharide capsule composed of glucur-
onoxylomannan, galactoxylomannan and
mannoproteins, and deposition of mela-
nin in the cell wall. The capsule provides
protection against phagocytosis and has
immunomodulatory effects, whereas mel-
anin plays a protective role against host
and environmental stresses.
Compared with other fungal pathogens,
C. neoformans andC. gattii are quite ame-
nable to genetic experimentation because
these species are haploid, they have
a budding morphology that facilitates
mutant isolation, and many isolates are
sexually fertile. Available molecular tools
include DNA transformation by electropo-
ration and biolistic particle bombardment,
dominant selectable markers, and facile
gene disruption (Idnurm et al., 2005). Addi-308 Cell Host & Microbe 4, October 16, 2008tionally, genome sequences are available
for three C. neoformans strains and two
C. gattii strains. These tools provide an
excellent foundation to explore virulence
mechanisms. However, fungal virulence
factors have been notoriously difficult to
characterize, especially compared with
clear examples in bacterial pathogens
(e.g., toxins and specialized secretion
systems). Genetic approaches to explore
virulence in C. neoformans often lead
investigators back to the three main viru-
lence factors, a result that likely highlights
the importance of these traits and their
integration with many aspects of growth
and metabolism.
In a recent resource paper in Cell, Liu
et al. (2008) made use of the genome
sequence of a highly virulent strain (se-
quenced at the Broad Institute and Duke
University) to select 1500 of the 6500
genes for analysis (Loftus et al., 2005). At-
tempts at targeted gene deletion resulted
in 1201 mutants, each with one of 48
unique signature tag sequences adjacent
to the selectable marker. This work repre-
sents a tour de force in mutant construc-
tion because homologous integration
during transformation does not always
occur at a high frequency. For compari-
son, Liu et al. noted that 190 deletions
had previously been described in the liter-
ature. The tagged mutants were used in
a signature tagged mutagenesis (STM)
(Hensel et al., 1995) screen by construct-
ing pools of 48 strains and infecting mice.
Quantitative PCR with the signature tag
sequences was used to determine mutant
representation in the pools before and
after infection. The difference was then
used to assign an STM score to each of
the mutants as a measure of infectivity:ª2008 Elsevier Inc.a negative score indicated poor relative
proliferation (164 mutants) and a positive
score indicated that the mutant outcom-
peted other mutants in the pool (33 mu-
tants). This study focused on infectivity,
defined as the ability to proliferate and
survive in the host, to make the distinction
with virulence, which additionally indi-
cates the occurrence of disease. Impor-
tantly, Liu et al. performed careful valida-
tions to check reproducibility, to ensure
that the STM score was not affected by
pool composition, and to assess the be-
havior of known virulence factor mutants
in the STM assay. They also established
that there was a strong correlation be-
tween virulence in a survival assay and
infectivity as identified by the STM score.
In parallel with the STM screen, Liu et al.
examined the mutants for capsule and
melanin formation, and for growth at
37C in minimal medium. In general, there
was substantial overlap between the
strains that showed poor growth at 37C
and low infectivity. Interestingly, some
mutants showed severe growth defects
but no differences in the STM screen,
and Liu et al. suggest that nutritional dif-
ferences between the in vitro and in vivo
growth conditions may account for some
of the discrepancies. There was also
some overlap between defects in melanin
and infectivity. This occurred despite the
fact that deletion of the genes encoding
the laccases (the enzymes responsible
for melanin production) did not influence
growth in the lung. This result suggests
that these mutants must have problems
besides the loss of pigmentation that
account for the infectivity defect. One ex-
planation is that some of the genes may
participate in pathways that coregulate
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pects of infectivity. This idea is
consistent with the large number
of previously identified regula-
tory factors that influence mela-
nin formation (Walton et al.,
2005; Idnurm et al., 2004;
Cramer et al., 2006; Panepinto
and Williamson, 2006; Jung
et al., 2006). The authors also
screened the collection for de-
fects in capsule formation and
found 11 mutants with reduced
capsule size. Six of these were
in previously identified genes,
such as the CAP10 gene that is
required for capsule production,
and five represented novel
genes.
Of the 164 mutants with de-
creased infectivity, 85 had a
defect in one of the three major
virulence traits; the remaining
79 represent strong candidates
for novel virulence factors. To
verify their results, Liu et al. took
the heroic step of reconstructing
107 of the mutants and retesting
the phenotypes. This important
step helps alleviate concerns
about background mutations in-
troduced during transformation.
With the reconstructed mutants,
they found that all 5 capsule mu-
tants tested had the expected
capsule phenotype, and 33 of
35 had the anticipated melanin
defect. Reproducibility was less
consistent for the infectivity phe-
notypes in that 53 of the 67 that
gave a negative STM score again
showed decreased infectivity,
and 8 of 11 with a positive STM
score again displayed increased
infectivity. The results for infec-
tivity may reflect greater variability in the
in vivo assessment. All together, this ap-
proach verified 33 novel genes involved
in melanization, 5 novel genes for capsule
formation, and 40 novel infectivity genes.
A scan of predicted functions for all 3
traits revealed the frequent involvement
of transcription factors and chromatin re-
modeling proteins. In addition, both mela-
nin formation and infectivity were influ-
enced by protein sorting, protein
degradation, and signaling functions.
The particularly interesting mutants that
showed increased infectivity had defects
in a transcription factor and in signaling
components (e.g., a Rho GTPase and
protein kinases).
Liu et al. went on to characterize a novel
GATA-type transcription factor (GAT201)
that influenced capsule size. The gat201
mutant had normal growth at 37C, a
substantial decrease in infectivity and
an apparent defect in the response to
capsule-inducing conditions. The mutant
was also hypermelanized and avirulent in
mice. Overexpression ofGAT201 resulted
in larger basal and induced capsule sizes,
a slight melanin defect, and hyperviru-
lence. A microarray comparison
of the overexpression and wild-
type strains identified 543 upre-
gulated and 24 downregulated
genes. Many of the induced
genes encoded transcription
factors or functions for carbohy-
drate metabolism, such as sugar
transporters, glyosyl hydrolases,
and glycosyl transferases. Re-
markably, the gat201 mutant
showed a dramatic increase in
uptake by a macrophage-like
cell line. The level of phagocyto-
sis was much higher (66% of
the macrophages contained the
mutant) than the percentages
obtained with capsule defective
mutants (4%–14%). Interest-
ingly, double mutants (e.g.,
gat201D cap10D) also showed
high levels of phagocytosis indi-
cating that the capsule differ-
ence was not responsible for
the enhanced uptake. These
results indicate that there is at
least one capsule-independent
pathway that influences phago-
cytosis, perhaps through the
regulation antiphagocytic or pro-
phagocytic factors.
Overall, the novel functions
identified by Liu et al. highlight
the emerging view that inte-
grated signaling and regulatory
pathways are especially impor-
tant in the control of C. neofor-
mans virulence (Jung et al.,
2006; Panepinto and Williamson,
2006). In particular, the work
shines a spotlight on transcrip-
tional control mechanisms medi-
ated by key transcription factors
that influence one or more of
the main virulence traits. For ex-
ample, Gat201 joins the iron-response
regulator Cir1 and the cyclic adenosine
monophosphate (cAMP) pathway protein
Nrg1 as transcription factors that influ-
ence capsule size (Cramer et al., 2006;
Jung et al., 2006). Importantly, Liu et al.
have greatly extended the catalog of reg-
ulatory factors that have novel roles in
infectivity and virulence, and these can
now be integrated into existing and novel
networks.
The mutant collection is a tremendous
community resource that is available
from the Fungal Genetics Stock Center
Figure 1. The Major Virulence Factors of Cryptococcus
neoformans
(A) C. neoformans is able to proliferate at the host temperature of 37C
as illustrated by budding growth within a macrophage-like cell line.
(B) A large polysaccharide capsule is formed during growth in mamma-
lian hosts and in response to culture conditions that include elevated
CO2 or iron deprivation. The capsule is detected by staining with India
ink.
(C) Growth in noninducing conditions, such as iron-replete medium, re-
sults in cells with a small capsule. The cells in (B) and (C) are 5–10 mM in
diameter.
(D) Melanin formation results in brown or black colonies and occurs on
low-glucose medium containing a substrate such as L-dopamine.
(E) Growth on medium without the substrate results in white colonies.Cell Host & Microbe 4, October 16, 2008 ª2008 Elsevier Inc. 309
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Previews(FGSC) and the American Type Culture
Collection. The FGSC also has an addi-
tional deletion collection of 156 mutants
from the Lodge laboratory at St. Louis
University. With the mutant collections in
hand, one can imagine extending the
analysis to all nonessential genes, and
potentially to conditional mutants for es-
sential genes. The STM approach could
also be expanded to examine mutant
interactions with host cells in vitro and
in vivo, and to explore dissemination to
the brain and subsequent proliferation.
Indeed, an earlier application of STM to
C. neoformans identified mutants with
either reduced or enhanced abundance
in the brain of infected mice (Nelson et al.,
2001). The STM studies, coupled withA Glimpse at the E
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integrated during the pathogenic ev
Staphylococcus aureus is a Gram-positive
pathogen associated with nosocomial
and community-acquired (CA) infec-
tions. The incidence of multidrug-resistant
strains, e.g., methicillin-resistantS. aureus
(MRSA), has placed this major human
pathogen in the center of attention of anti-
biotic research. S. aureus expresses a set
of 50 accessory genes that encode pro-
teins (secreted toxins and surface factors)
that facilitate S. aureus pathogenesis.
These accessory genes are classified as
the so-called virulon.
Expression of the virulon is largely reg-
ulated by agr (accessory gene regulator;
Recsei et al., 1986; Figure 1), a locus
with two transcriptional units driven by
the divergent promoters P2 and P3. The
P2 promoter transcribes the agrACDB
operon, which encodes an autoinducing
quorum-sensing system (Novick, 2003).
310 Cell Host & Microbe 4, October 16, 2008the analysis of C. neoformans movement
across the blood brain barrier, may even-
tually help explain the predilection of the
fungus for the CNS.
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